Reflection imaging of China ink-perfused brain vasculature using confocal laser-scanning microscopy after clarification of brain tissue by the Spalteholz method by Gutierre, RC et al.
1 
 
Method paper - REFLECTION IMAGING OF CHINA INK-PERFUSED BRAIN 1 
VASCULATURE USING CONFOCAL LASER SCANNING MICROSCOPY 2 
AFTER CLARIFICATION OF BRAIN TISSUE BY THE SPALTEHOLZ 3 
METHOD 4 
 5 
Gutierre RC¹*; Vannucci Campos D¹; Mortara RA²; Coppi AA³; Arida RM¹ 6 
 7 
¹Universidade Federal de São Paulo, UNIFESP, Department of Neurology and 8 
Neurosurgery, Laboratory of Neurophysiology and Exercise Physiology 9 
²Universidade Federal de São Paulo, UNIFESP, Department of Microbiology, 10 
Immunology and Parasitology 11 
³School of Veterinary Medicine, Faculty of Health and Medical Sciences, 12 
University of Surrey, Guildford, Surrey, United Kingdom 13 
Corresponding author: robsongutierre@gmail.com 14 
Abstract 15 
Confocal laser scanning microscopy is a useful tool for visualizing neurons and 16 
glia in transparent preparations of brain tissue from laboratory animals. Currently, 17 
imaging capillaries and venules in transparent brain tissues requires the use of 18 
fluorescent proteins. Here, we show that vessels can be imaged by confocal laser 19 
scanning microscopy in transparent cortical, hippocampal and cerebellar 20 
preparations after clarification of China ink-injected specimens by the Spalteholz’ 21 
method.  This method may be suitable for global, 3D, quantitative analyses of 22 
vessels, including stereological estimations of total volume and length and of 23 
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surface area of vessels, which constitute indirect approaches to investigate 24 
angiogenesis. 25 
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Introduction 28 
Confocal laser scanning microscopy is a useful tool for capturing images 29 
of fluorescent proteins chemically linked to neurons and glia in transparent brain 30 
specimens from laboratory animals (Chung et al., 2013; Chung & Deisseroth, 31 
2013; Hama et al. 2011). The study of transparent gross anatomical specimens 32 
was pioneered by Werner Spalteholz, who, in 1911, published a method for 33 
generating three-dimensional (3D) views of the vascular systems inside different 34 
organs, tissues and organisms (Spalteholz, 1911). Later, this method was 35 
modified for different purposes, including microscopic studies (Saito et al., 2013; 36 
Wrzeszcz et al. 2013; Steinke & Wolff, 2001). Kellner et al. imaged  clarified 37 
mouse lungs with scanning laser optical tomography – SLOT (Kellner et al, 2012). 38 
 More than 100 years after Spalteholz, complete transparency is still a 39 
greatly sought-after objective of scientists hoping to achieve perfect 3D 40 
microscopic images. New methods, such as Scale® and Clarity, are promising 41 
tools with applicability over a wide range of research topics and diagnostic 42 
methods, starting with 3D images of brain cells and potentially extending to 43 
images of any tissue or organ (Chung et al., 2013; Chung & Deisseroth , 2013; 44 
Hama et al. 2011). Neurons and glial cells are typically the models of choice for 45 
new methods, but visualization of the microvasculature in the nervous system is 46 
also necessary to investigate physiological processes, such as adult 47 
neurogenesis (Sawada et al., 2014; Kahle & Bix, 2013) and pathological 48 
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processes and therapies in conditions such as brain tumours (Sie et al., 2014; Li 49 
S & Li, 2014) epilepsy (Mintzer, 2014) and dementia (Gorelick et al., 2011; 50 
Jellinger & Attems, 2015; Kelleher & Soiza, 2013; Lyros et al., 2014). 51 
Angiogenesis plays a central role in multiple physiological and pathological 52 
conditions, making new imaging methods for visualizing the microvasculature 53 
essential. However, current techniques not only are inhomogeneous but also can 54 
lead to flawed conclusions as a result of misinterpretations and biases (Dockery 55 
& Fraher, 2007; Leung & Jensen, 2013; Mühlfeld, 2014; AlMalki et al., 2014). A 56 
higher-resolution method for imaging microvessels in the brain and in other 57 
dissected brain structures in laboratory animals is needed (Leung & Jensen, 58 
2013; Mühlfeld, 2014; AlMalki et al., 2014).  59 
Different methods have been developed to visualize in vivo cerebral 60 
microvasculature such as X-ray CT, ultra-sonography and photoacoustic 61 
microscopy. Other methods like two-photon and confocal microscopy require 62 
exogenous fluorescent probes and involve variables that can introduce artifacts 63 
(Liu, 2013). In spite of the usefulness of different methods, our contribution opens 64 
the possibility a simple and low cost protocol to prepare different brain structures 65 
to be imaged by confocal laser scanning microscopy without tenuous mechanical 66 
microtomy. 67 
Materials and methods 68 
Animals 69 
 Male Wistar rats (n=6; 60 days old) were obtained from CEDEME-70 
UNIFESP and housed three to a cage. All animals were provided with food and 71 
water ad libitum. Animals were maintained in a room with controlled temperature 72 
(~22ºC), humidity (60% relative humidity) and light cycles (12 h/12 h light/dark 73 
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cycle). The experimental procedures were carried out in accordance with the 74 
approved guidelines by the Research Ethics Committee of UNIFESP (protocol 75 
number 203573/13). 76 
Perfusion-fixation protocol 77 
 All animals received an intraperitoneal injection of heparin (Hepamax-X, 78 
Blau Farmacêutica S.A., Brazil; 30.000 I.U./kg) 5 minutes before the procedure. 79 
Animals were then deeply anesthetised (3 M chloral hydrate) and perfused via 80 
the heart left ventricle using a 25G sterile scalp-vein cannula with 100 ml of 0.1 81 
M phosphate-buffered saline (PBS) containing heparin (250 I.U./ml) followed by 82 
100 ml of a 10% formaldehyde solution in 0.1 M PBS.  83 
 A colourless, sugar-free gelatin solution was prepared in cold water and 84 
left overnight (Otker, Brazil; commercial food gelatin). The solution was heated to 85 
60°C for one hour before the procedure and stirred with a glass rod for complete 86 
homogenisation. Care was taken not to generate air bubbles that could obstruct 87 
the perfusion procedure. China ink (3%; BIC, Brazil) was dissolved in the hot 88 
gelatin solution (40ºC) until the solution was homogeneous. The China ink/gelatin 89 
suspension, which was kept at 37°C, was collected with a 20ml syringe (BD 90 
Plastipak) and a 25G x 7” needle, and care was taken to avoid generating air 91 
bubbles. The suspension was then injected into the animal’s heart’s left ventricle. 92 
Animals were placed in warm water (36 - 40°C) for at least 5 min before gelatin 93 
injection. The gelatin suspension was injected with a flux of ~0.5 ml/sec to prevent 94 
solidification. Following injection, animals were placed in ice-cold water for 2 95 
hours. After the gelatin solidified, the animals’ brains were carefully removed from 96 
the skull. The hippocampus, cerebral cortex and cerebellum were carefully 97 
dissected out of the brain and weighed before and after clarification and clearing. 98 
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The specimens were transferred to a 10% formaldehyde solution and incubated 99 
for 48 hours. This solution contained a volume of formaldehyde that was at least 100 
ten times the volume of the brain. All solvents and reagents used after this point 101 
were obtained from Synth (Brazil).  102 
Note: It is important to observe that when making an adequate injection of gelatin-103 
china ink, the structures are in dark gray and the macroscopically visible vessels 104 
are stained in black. 105 
Clarification  106 
Brain structures (cerebral cortex, hippocampus and cerebellum) were left in each 107 
of the following solutions or substances for 2 hours in a shaker plate at 80 rpm, 108 
changing each solutions or substances every hour (room temperature). Firstly, 109 
brain structures were left in tap water, after which they were immersed in 1:1 110 
hydrogen peroxide solution (~12% H2O2) until clarification was noticeable. 111 
Afterwards, the specimens were washed in tap water, followed by dehydration in 112 
the following ethanol series: 70% ethanol, 90% ethanol, and 3 rounds of absolute 113 
ethanol. 114 
Clearing  115 
The brain structures were immersed in the following substances for 2 hours in a 116 
shaker plate at 80 rpm, changing each substances every hour (room 117 
temperature). Firstly, brain structures were immersed in benzene, followed by 118 
immersion in methyl salicylate and benzyl benzoate (5:3 vol:vol). The brain 119 
structures were immersed in the mounting media glycerin for one hour also under 120 
agitation (80 rpm), followed by one hour in a new glycerin solution. 121 
Mounting 122 
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Brain structures were mounted in double-sided glass slides. Previously, a glass 123 
cover was mounted on one side of the glass slide with Entellan. After total 124 
induration of the resin, the brain structure was mounted in the glass hole with 125 
glycerin and covered by another glass cover, using a commercial nail shiner. 126 
Note: mounting must be made under a stereomicroscopy and air bubbles taken 127 
off. It is important to take care when mounting because the best images will be 128 
taken from parts of the specimen closer to the cover glass. The double-sided 129 
glass slide thickness must be made according to the specimen thickness. If the 130 
specimen is too thin, we suggest making the double-sided glass-slide on 131 
aluminium, because the perforation of very fine glass slide with a drill will render 132 
the glass to break. Aluminium is easy to drill and lighter.  133 
Dissection method  134 
Dissection was performed under stereomicroscope (Metrimpex; PZO, Labimex, 135 
Hungary) using surgical instruments. 136 
Confocal reflection microscopy 137 
China ink-embedded and clarified specimens were mounted on double-sided 138 
glass slides. Specimens were imaged by reflection confocal microscopy using a 139 
Leica SP5 system with either a x20 APO-0.70 or a x40 1.25 oil-immersion 140 
objective. Samples were illuminated with a 561-nm diode laser, and reflected 141 
images were collected in a hybrid GsAsP detector with the emission range set to 142 
531-555 nm. Images were processed with Image J or Imaris (Bitplane) software.  143 
Design-based Stereology: A workable application of the method in one 144 
hippocampus 145 
Volume of the hippocampus 146 
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The volume of the hippocampus was estimated by its buoyant weight (liquid 147 
displacement) in saline (Scherle, 1970) before and after clarification and clearing. 148 
The corrected hippocampus volume (VHIP (corrected)) was expressed as follows: 149 
VHIP (corrected):= VHIP initial (1- Shrinkage) (Howard and Reed (2010).  150 
Volume Density of vessels in the hippocampus 
ppocampusvessels/hi
^
vV  and Total Volume  of 151 
vessels in the hippocampus (VTvessels/HIP) 152 
The volume density and total volume of vessels within the hippocampus were 153 
estimated following the procedure as described by Howard and Reed (2010).  154 
Volume density of vessels in the hippocampus 
ppocampusvessels/hi
^
vV  155 
The estimation of the volume density of vessels was performed using equally-156 
spaced (between-sections distance = 30 µm) 1µm-thick thin optical planes and 157 
covering the whole reference space (hippocampus volume) by using a systematic 158 
and uniformly random sampling regime (SURS) as published by Gundersen et al. 159 
(1999). 160 
The fractional volume of hippocampus occupied by vessels was estimated by 161 
point counting. We counted the total number of points falling on vessels (∑Pvessels) 162 
and the total number of points falling within the hippocampus (∑PHIP). Volume 163 
density of vessels within hippocampus was therefore estimated as:  164 
:
ppocampusvessels/hi
^
vV   ∑Pvessels/ ∑PHIP. (Fig. 3). 165 
Finally, the total volume occupied by vessels in the hippocampus was estimated 166 
by multiplying the fractional volume of vessels by the total volume of the 167 
hippocampus as indicated below: 168 
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VTvessels/HIP := VHIP (corrected) . ppocampusvessels/hi
^
vV  169 
Results and discussion 170 
Volume of the hippocampus 171 
The initial volume of the hippocampus was 0.077 cm3 (before clarification and 172 
clearing) and, after clarification and clearing, the estimated shrinkage was 63.6%. 173 
Therefore, the corrected volume of hippocampus (VHIP (corrected)) was 0.028 cm3. 174 
Volume Density of vessels in the hippocampus 
ppocampusvessels/hi
^
vV  and Total Volume  of 175 
vessels in the hippocampus (VTvessels/HIP) 176 
The fractional volume of hippocampus occupied by vessels was 0.079 and the 177 
precision of this estimate given by its coefficient of error (CE(VV) – estimated as 178 
described by Gundersen et al. (1999) – was 0.03. 179 
Finally, the total volume occupied by vessels in the hippocampus (VTvessels/HIP) 180 
was 0.002212 cm3 which equates to 2.21 mm3. 181 
In this study, we generated images of brain vessels by confocal laser scanning 182 
microscopy of transparent China ink/gelatin-injected specimens after clarification 183 
by Spalteholz’s method (Figs. 1 and 2). China ink-injected samples efficiently 184 
reflected light that could be imaged using a confocal microscope in reflection 185 
mode (Movie 1). Furthermore, images of pia mater acquired without clarification 186 
showed that tissues were adequately injected (Movie 1). Z-sectioning revealed 187 
that the China ink fully perfused blood vessels and that the laser penetrated on 188 
average 375 m in the z-axis of the samples. Thus, we showed that gelatin 189 
provides a suitable medium for delivering China ink into blood vessels. Next, we 190 
imaged a variety of tissues from clarified brains. Blood vessels were also 191 
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observed in the cerebellum (Fig. 2A, movies 2, 3), hippocampus (Fig. 2B, movie 192 
4) and cortex (Fig. 2C, movie 5). 193 
This method has the advantage of enabling vessels to be imaged in tissues 194 
clarified by simple perfusion with a solution, rather than the use of elaborate 195 
techniques that rely on the expression of fluorescent proteins or dyes. 196 
Immunohistochemistry, which restricts visualisation to individual sections, also 197 
involves protocols with variables, such as dilutions, incubation times, and the 198 
quality of antibodies and fixation, that can affect the results. The low cost and 199 
ready availability of common gelatin and China ink represent major advantages 200 
of our technique. Other advantage is the possibility to obtain images of brain 201 
structures without previous physical (microtome) sectioning. The original 202 
Spalteholz’s method for clarification promotes deep transparency of brain tissues 203 
and requires simple steps that can be performed in a basic laboratory. We 204 
observed, however, that longer periods of clarifications (over two months) than 205 
this protocol recommends can generate undesirable background on captured 206 
images.  207 
A double-sided glass slide was developed to allow penetration of a laser from 208 
both sides of specimens (supplementary Fig. 1). The 2 mm-thick glass and 10 209 
mm-diameter hole in the glass slide are suitable for mounting the whole 210 
hippocampus and selecting specific cortical areas without sectioning. This 211 
arrangement, together with the quick clarification procedure, allowed for a laser 212 
mean penetration of 375 µm on the z-axes of each side of the sample (total = 375 213 
x 2 = 750 µm). 214 
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This method may be suitable for global, 3D, quantitative analyses of vessels, 215 
including stereological estimations of total volume and length and of surface area 216 
of vessels, which constitute indirect approaches to investigate angiogenesis. 217 
The Spalteholz method may lead to tissue distortion (shrinkage/swelling). For 218 
instance, in our workable example of the application of this method, the total 219 
volume of vessels in the hippocampus is expressed as the product between the 220 
volume density of vessels and the reference volume of the compartment which 221 
contains those vessels (hippocampus) and the latter may be affected by tissue 222 
distortion. Therefore, we need to account for the potential distortion a tissue (or 223 
organ) may undergo during any technical preparation (at both macroscopic and 224 
microscopic levels) using the following formula: 225 
Vorgan (corrected) = (Final organ volume - Initial organ volume)/Initial organ 226 
volume and the equation gives you the tissue distortion (after processing) of the 227 
reference space to be then corrected (see the correction formula provided on line 228 
150) and multiplied by the volume density to finally provide the correct estimation 229 
of the total volume of vessels in the hippocampus (Howard and Reed, 2010). 230 
Conversely, only when using a direct method to estimate the total number 231 
of a given particle, i.e. the Fractionator method, tissue distortion will not affect 232 
such estimation. For example, the direct estimation of the total number of vessels 233 
using the Connectivity Principle by means of the Euler number or Euler-Poincaré 234 
characteristic coupled with the Fractionator method (Tang et al., 2009; Mühlfeld, 235 
2014). 236 
Quantification of vessels and hemodynamic studies can be performed in 237 
vivo for cerebral microvasculature imaged on X-ray CT, ultra-sonography and 238 
photoacoustic microscopy. Other methods as two-photon microscopy and 239 
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confocal microscopy require exogenous fluorescent agents and protocol 240 
variables that can affect the results (Liu, 2013). 241 
Kellner et al., imaged mouse lung structure and its vessels with scanning 242 
laser optical tomography (SLOT), using the Spalteholz method. SLOT permits 243 
rotational view of the immersed specimens in clearing solution, demonstrating 244 
this clearing method is very usefull for the lung but the authors warn that could 245 
be a serious challenge to image dense organs using SLOT (Kellner et al., 2012).  246 
We demonstrated that confocal laser scanning microscopy reflection 247 
imaging of china ink-perfused brain vasculature using confocal laser scanning 248 
microscopy after clarification of brain tissue by the Spalteholz method shows high 249 
resolution for vessels images and deep penetration of the laser in the cortex, 250 
hippocampus and cerebellum. This high quality of images and the designed 251 
double-sided glass slide which permits the capture of images in both sides of 252 
specimens allowed the stereological quantification of vessels. 253 
In conclusion, the method described here is a low cost, easy-to-make and 254 
useful one to image and conduct both swift and non-destructive qualitative and 255 
quantitative assessments of vessels in the brain of laboratory animals aiming at 256 
studying different pathologies such as cancer (Sie et al., 2014; Li S & Li, 2014), 257 
epilepsy (Mintzer, 2014) and dementia (Gorelick et al., 2011; Jellinger & Attems, 258 
2015; Kelleher & Soiza, 2013; Lyros et al., 2014) or different conditions that 259 
promote angiogenesis such as physical exercise (Logsdon et al., 2014).  260 
 261 
Acknowledgements 262 
 263 
12 
 
Research supported by CAPES PNPD, FAPESP, CNPq, Instituto Nacional de 264 
NeurociênciaTranslacional (INNT) 265 
We thank the engineers Marco Perez and Hugo Yoshioka for revising diagrams 266 
of the glass slides used in this study. We also thank Paulo Henrique Fernandes 267 
de Oliveira for the technical assistance. 268 
 269 
Author contributions 270 
 271 
Gutierre R.C. designed the project and the double-sided glass slide; Gutierre R.C. 272 
and Vanucci Campos D. performed the experiments; Mortara R.A. performed the 273 
confocal laser scanning microscopy experiments; and Gutierre RC, Vanucci 274 
Campos D., Mortara R.A., Coppi A.A. and Arida R.M. wrote the manuscript. 275 
 276 
Conflict of interest 277 
 278 
The authors declare that they have no conflict of interest. 279 
 280 
Figure legends: 281 
 282 
Figure 1. China ink-injected brain tissue after clarification by the Spalteholz 283 
method. Scale bar = 5 mm. 284 
Figure 2. China-ink reflection confocal images of clarified brain tissues. Z-stacks 285 
were acquired, and maximum projections of each tissue are shown.  286 
A: cerebellum (depth = 172 m); B: hippocampus (depth = 375 m); C: cortex 287 
(depth = 144 m). Scale bars = 200 m.  288 
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Figure 3. Montage of equally-spaced planes of images through hippocampus 289 
(image 2B). Image I’ illustrates a stereological test-system (grid) of points used 290 
to estimate the volume density of vessels. Scale bar = 200 m. 291 
Movie1. Brain tissues are efficiently embedded with China ink-gelatin. Pia mater 292 
was mounted with Entellan™ on a glass slide and imaged as described in the 293 
materials and methods section. Bright-field (left) and confocal reflection images 294 
(right). Total depth: 74 m.  295 
Movie 2. Serial sectioning through the China ink-gelatin-embedded cerebellum. 296 
Left: bright-field images; right: confocal reflection images. Total depth: 172 m. 297 
Scale bar = 100 m. 298 
Movie 3. 3D reconstruction of the images of the cerebellum shown in Movie 2. 299 
Movie 4. 3D reconstruction of the Z series corresponding to the images of the 300 
hippocampus shown in Figure 2B. 301 
Movie 5. 3D reconstruction of the Z series corresponding to the images of the 302 
cortex shown in Figure 2C. 303 
 304 
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